Figure 1. The NO Donor SNAP Inhibits CVB3 Replication
HeLa cells were infected with CVB3 at a multiplicity of infection of 10. SNAP (200 M) was added at various times after infection as indicated. The amount of CVB3 after 10 hr of infection was measured by the plaque assay. To one set of infected cells (C), 200 M AP was added 1 hr after infection. To another set of cells (-1), SNAP was added 1 hr before infection. n ϭ 3 Ϯ SD. macrophages, activated or not with lipopolysaccharide and interferon-␥. The macrophages were separated from the infected HeLa cells by a 0.4 M pore size membrane, which would allow the passage of NO from macrophages to infected cells. The NOS inhibitor nitroarginine-methyl-ester (NAME) was added to some cocultures of infected HeLa cells and activated macrophages, in order to confirm that any antiviral effect of activated macrophages was a result of NO, and not To test the activity of recombinant protease, purified 3C pro was incubated with the protease substrate GST-3B-3C T and the reaction mixture analyzed by immunoblotting with an antibody to GST. Purified 3C pro is capable of cleaving the polyprotein GST-3B-3C T , as detected by immunoblotting ( Figure 3B, immunoblot lanes  1 and 2) .
In order to measure the susceptibility of 3C pro to NO, we added a variety of NO donors or their controls to 3C pro and a protease substrate. The NO donor SNAP inhibits the proteolytic activity of 3C pro in a dose-dependent manner, while its control acetyl-penicillamine (AP), which has no nitroso group, has no effect ( Figure 3B ). DTT, an agent capable of reducing the nitrosylation of cysteine residues, reverses the NO inhibition of 3C pro . Another NO donor, spermine NONOate, also inhibits 3C pro cleavage of GST-3B-3CT. DTT also reverses this effect ( Figure 3C ).
To confirm these results, we used luciferase as another protease substrate (Holzman and Baldwin, 1980; Gorbalenya and Svitkin, 1983; Thompson et al., 1997) . Firefly luciferase serves as a 3C pro substrate because it contains the 3C pro motif AXXQG. Cleavage of luciferase was measured by monitoring luciferase activity. 3C pro cleaves luciferase in a dose-and time-dependent manner ( Figures 4A and 4B) . The NO donors SNAP or spermine NONOate but not their corresponding control drugs inhibit 3C pro activity, and these inhibitions are reversed by DTT ( Figure 4C) . It was previously shown that the NO donors for 1 hr and then dialyzed. 5,5Ј-Dithiobis (2-nitrobenzoic acid) was added, the increase of absorbance at 412 nm was measured, and the concentra- (Stamler et al., 1992a, 1992b; Stamler, 1994) , we hypothtion of thiols was calculated from the molar extinction esized that NO inhibits the CVB3 3C pro . coefficient of the nitrothiobenzoate ion. NO donors but We therefore prepared pure 3C pro and various protenot their corresponding control compounds eliminate ase substrates. We subcloned the cDNA encoding 3C pro the sulfhydryl group from purified 3C pro over time (Figinto a bacterial expression vector, expressed a 
(B) consensus cleavage motif, and the activity of luciferase remaining
Nitrosylation of the 3C pro active site Cys 147 . 3C pro was exposed to NO at various times was assayed using a luminometer. n ϭ 3 Ϯ SD. donors or their controls, then incubated with HgCl 2 , and the amount (B) Increasing amounts of 3C pro were added to luciferase for 3 hr, of nitrite released was measured by the Griess reaction. n ϭ 4 Ϯ SD. and the amount of luciferase assayed as above. n ϭ 3 Ϯ SD. (C) Luciferase was incubated alone, or in the presence of 3C pro with the following additions: the control compound AP, the NO donor SNAP, SNAP and DTT, the control compound spermine (SP), the NO has no effect upon mutant C147S 3C pro activity, nor does Figure 6) . However, such as members of the Picornavirus family and the Coronavirus family (Mannick, 1995; Reiss and Komatsu, 1998) . In contrast, NO does not inhibit the replication of some viruses that encode serine proteases, such as alphaviruses. However, NO also inhibits the replication of some viruses that do not encode cysteine proteases, implying that there exist other viral targets of NO. For example, the EBV transcription factor Zta and ribonucleotide reductase may be targets of NO (Mannick et al.,  1994; Melkova and Esteban, 1995) . Nonetheless, to our knowledge there are no viruses that have cysteine proteases that are resistant to NO.
Cysteine proteases are also critical to the replication Komatsu, 1998) . NO production may thus be a general 3C pro processing acts upstream of viral RNA synthesis mechanism by which the host defends itself against and is necessary to generate 3D pol . Therefore, nitrosylainfection by viruses and other pathogens whose life cytion and inactivation of 3C pro would be expected to block cle depends upon cysteine proteases. not only viral protein processing but also viral RNA synthesis.
Although our data suggest that NO inhibits activity of tion of other viruses that encode cysteine proteases,
